The charge distribution in a molecule is crucial in determining its physical and chemical properties.
Introduction
The properties and reaction dynamics of ionic molecules are crucially determined by the location of the charge. [1] [2] [3] [4] [5] [6] [7] The existence of so-called protomers 8, 9 -molecular isomers that only differ in the site of protonation -is therefore of great importance for both fundamental research and applications. In this context protomers of small biologically active molecules, such as metabolites, hormones, and pharmaceutical substances, are of great interest. These molecules perform their particular function in highly diverse biological environments in which the site of protonation might change significantly. A priori knowledge of the tendency to form protomers is, therefore, not only crucial for a better understanding of these molecules in biological processes but can also help to specifically modulate their function.
Aminobenzoic acids (ABA) and their corresponding ethyl esters (ABE) are prototypical examples of molecules that offer two possible protonation sites: their amine and carbonyl groups (Fig. 1 ). These molecules can be biologically active and are often used as building blocks for drugs or other biologically active molecules with applications ranging from antibacterial substances to UV protective agents. [10] [11] [12] [13] A widely known molecule in that context is p-ABE, also known as benzocaine, which is a common local anesthetic. 14 Further, ABA and ABE derivatives often occur as metabolites with, for example, p-ABA being a precursor for folic acid 15 and coenzyme Q, 16 and o-ABA being involved in the biosynthesis of tryptophan in microorganisms. From a chemical point of view, ABA derivatives are of fundamental interest, as different relative positions of the functional groups at the aromatic ring (para, meta, and ortho) can yield significant differences in chemical properties. Three main effects play a role: (a) the inductive effect in which the charge distribution is influenced by the electronegativity of the substituents; (b) the resonance (or mesomeric) effect, caused by p-orbital overlap and (c) the interaction of the molecule and its charge distribution with the environment.
Due to their relative electronegativities, the amine group is electron-donating while the carboxylic acid (or ester) is an electron-withdrawing group. In addition, the amine group can resonantly donate electrons from the nitrogen lone pair into the conjugated p-system, while the carboxylic acid or ester group has the ability to resonantly accept p-electron density due to the presence of the p-conjugated sp 2 orbital in the carbonyl group.
Since this resonance effect is only possible with the two groups being either in para or ortho positions, the basicities and possibly also the preferred protonation sites can vary significantly between the p-, m-, and o-isomers. Currently, most investigations on protomers are carried out using gas-phase methods such as ion mobility spectrometry (IMS) and mass spectrometry (MS). For certain examples, the combination of both techniques was shown to be highly suitable for the separation of isobaric protonation isoforms. 8, 9, [18] [19] [20] [21] Protomers of molecules such as aniline, 8 However, IMS only provides collision cross-section (CCS) values from which the location of the proton is difficult to deduce. To obtain additional information, experiments such as collision induced dissociation and hydrogen-deuterium exchange can be employed to tentatively assign the location of the proton. 22, 23 Since the protonation states of functional groups greatly influence their vibrational modes, infrared (IR) spectroscopic approaches were employed to determine the protonation sites of various molecular ions, including ABA derivatives. 5, 20, [23] [24] [25] [26] [27] Kass and coworkers measured the gas-phase IR spectrum of protonated p-ABA in the 2800-3600 cm À1 range. By analyzing characteristic N-H and O-H stretching vibrations they showed that for this molecule the preferred protonation site in vacuum is the carbonyl oxygen. 23 Williams and coworkers used gasphase IR spectroscopy in the same wavelength range to show that the protonation sites in p-ABA and its methyl ester highly depend on the number of solvating water molecules. 25 Most recently, two protomers of p-ABE (benzocaine) were successfully separated in the gas phase via IMS and their respective protonation sites unambiguously determined via gas-phase IR spectroscopy in the mid-IR range (1000-2000 cm
À1
).
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In this work, we employ a combination of IMS-MS with IR spectroscopy to investigate the p-, m-, and o-isomers of ABA and ABE. The experimental work is accompanied by ab initio calculations and the effects of substitution positions and of solvent molecules on protonation sites and on proton migration are discussed.
Materials and methods

Sample preparation
All solvents, aminobenzoic acids and the corresponding aminobenzoic acid ethyl esters were purchased from Sigma-Aldrich (Taufkirchen, Germany). Sample solutions were prepared by dissolving ABA or ABE at a concentration of 100 mM in either water/methanol (1/1, v/v) or in pure acetonitrile. An aliquot (5-10 mL) of sample solution was then loaded into an in-houseprepared Pd/Pt-coated borosilicate capillary for nano-electrospray ionization.
Ion mobility mass spectrometry
The home-built drift tube-ion mobility mass spectrometer is described in detail elsewhere. 20, [28] [29] [30] Ions are generated via nano-electrospray ionization with a spray voltage of 0.85 kV, collected in an RF ion funnel and pulsed into a 80 cm-long drift tube. In the drift tube they travel under the influence of a weak electric field (10-15 V cm À1 ) through helium or nitrogen buffer gas (2-5 mbar) for ion mobility separation. At the end of the drift region, a second RF ion funnel collects and transports IM-separated ions into the high vacuum region. A quadrupole mass filter is employed for m/z separation and the ion current recorded as a function of arrival time (ATD) of m/z-selected ions. Collision cross-sections are determined from the measured drift times using the Mason-Schamp equation. 31 
Ion mobility-selective infrared spectroscopy
After ion mobility separation a narrow drift-time window of 100-150 ms width is selected by electrostatic deflection of unwanted ions. Following m/z selection, the ions are irradiated by a 7 ms pulse of infrared photons (pulse energies B10-40 mJ) provided by the Fritz Haber Institute Free Electron Laser (FHI FEL). 32 When the IR wavelength is resonant with an IR active mode of the molecule, the absorption of multiple photons, followed by dissociation, can occur. 33 The resulting fragment ions are monitored using a time-of-flight mass analyzer. IR spectra are measured by scanning the IR wavenumber in 3 cm À1 steps in the range from 1000 cm À1 to 1900 cm
À1
, averaging 20 mass spectra for each step, and plotting fragmentation efficiency as a function of wavenumber.
Computational methods
Optimized geometries, relative energies, and harmonic vibrational frequencies of neutral and protonated aminobenzoic acids (ABAs) and their ethyl esters (ABEs), either in water or in vacuum, were calculated at the B3LYP level of theory with a def2TZVP basis set using the Gaussian 09 program. 34 Vibrational frequencies were scaled by 0.98 and the calculated stick spectrum convoluted with a Gaussian function of 10 cm À1 width to obtain a theoretical IR spectrum for comparison with the experiment. All energies were corrected to 298 K. Gas-phase basicities (ÀDG 298,gas ) were determined from the Gibbs free energy of the protonated molecule
relative to the neutral (M) via eqn (1).
The basicity in water (ÀDG 298,aq ) was determined using eqn (2) , where DG 298,hyd denotes the Gibbs free energy of solvation in water. 36 was used, since PCM without explicit solvent molecules yields significant error in the solvation energy of the proton. 37 3 Results and discussion than one peak. Artifact peaks resulting from the dissociation of weakly bound solvent complexes after IM separation, but before m/z selection, are marked by asterisks (*).
Ion mobility experiments
In the ATDs of protonated p-ABA sprayed from acetonitrile in He buffer gas, two partially resolved peaks, labeled 1p and 2p, are observed. In contrast, in N 2 buffer gas two well-separated features (3p and 4p) are present. Peaks at similar positions are also found in the ATDs of protonated p-ABA sprayed from water/ methanol, with the difference that the high-mobility features (1p and 3p) are more pronounced. This suggests that two distinguishable species with different ion mobilities are present and that their relative abundances depend on the solvent composition. Protonated m-ABA, on the other hand yields ATDs with only one peak independent of solvent composition and buffer gas selection (labeled 1m for He and 2m for N 2 ). Protonated o-ABA shows only one sharp ATD peak (1o) in He. In the case of N 2 drift buffer gas, no protonated o-ABA is observed, however an abundant fragment ion at m/z = 120 is present, resulting from water loss. Presumably, protonated o-ABA is very fragile and collisions with N 2 in the source region provide enough energy for efficient fragmentation.
The ATDs of protonated p-ABE show similar trends compared to p-ABA. As reported previously, 20 two separable ATD features Table 1 . The differences in CCS between the high-and low-mobility features of the p-or m-isomers are 4-8% in He and exceed 15% in N 2 drift gas. Since very little conformational diversity is expected for either ABA or ABE, those large differences in the CCS cannot be attributed to different conformers. Instead, the presence of different protomers is a more likely explanation. Indeed, several ion mobility studies have reported that protomers can have different ion mobilities, even though their shapes and structures are nearly identical. 8, 9, 18, 20, 21 In the case of ABA and ABE, the proton can bind to either the amine (N-protonation) or the carbonyl oxygen (O-protonation). Since the vibrational frequencies of the amine and carbonyl groups depend on their protonation, significantly different IR spectra are expected for the N-and O-protonated species.
Gas-phase IR spectroscopy
IR-spectra of the species arising from different ATD features are obtained by selecting the corresponding m/z values and drift times followed by IRMPD spectroscopy. 20, 38 To do so, the selected ions are irradiated by infrared photons and the photofragmentation efficiency in the range 1000-1900 cm À1 is plotted as a function of wavenumber. The resulting IR spectra are shown in Fig. 3 together with the theoretical IR spectra of the lowest energy structures of the N-and O-protonated species determined by theory. The optimized geometries are given in Fig. S3 and S4 (see ESI †). The calculated spectra of N-and O-protonated species are quite different and visual inspection allows a unique assignment of the experimental data. For protonated p-ABA (Fig. 3a) , the data clearly show that the low-mobility species (2p and 4p) are N-protonated, whereas high-mobility species (1p and 3p) are O-protonated. The 2p and 4p species yield IR spectra dominated by four well-resolved bands at 1085, 1180, 1460, and 1770 cm
À1
. These bands are well reproduced in the calculations for the N-protonated species and, based on normal mode analysis, we can assign the two strong bands at 1460 and 1770 cm À1 to the umbrella modes of NH 3 + and the stretching vibration of free CQO, respectively.
Those two bands are clearly diagnostic for N-protonation. The IR spectra of 1p and 3p on the other hand are significantly different and the strong IR bands at 1500 and 1580 cm À1 fit very well with the bands calculated for an O-protonated molecule. The IR spectra of protonated m-ABA (Fig. 3b) clearly indicate N-protonation and the absence of an O-protonated species. The IR spectra of both 1m and 2m are dominated by two IR bands, which can be assigned to the NH 3 + umbrella mode at 1450 cm
and the free CQO stretching mode at 1770 cm
. For protonated o-ABA (Fig. 3c) , the IR spectrum consists of a strong band at 1695 cm À1 , partially-resolved bands around 1300-1500 cm
, and small bands at B1200 and B1600 cm
. The lack of a band for a free CQO group around 1770 cm À1 might at first glance suggest O-protonation. However, the experimental IR spectrum is not in good agreement with the calculated IR spectrum of an exclusively O-protonated species (see Fig. 3c , red trace). Instead, it fits very well with the calculated spectrum for a molecule in which the proton is shared between the amine and the carbonyl oxygen (blue trace).
In Fig. 3(d-f) , the IR spectra of the ABE species are shown and compared to the respective theoretical spectra. The general appearance and the presence of the diagnostic free CQO stretching mode can be used to determine N-or O-protonation. For protonated p-ABE (Fig. 3d) , the measured IR spectra of lowmobility species (2p 0 and 4p 0 ) are in excellent agreement with For protonated m-ABE (Fig. 3e) , the dominant ATD features (2m 0 and 4m 0 ) originate from N-protonation. Three well-separated IR bands at 1280, 1450, and 1740 cm À1 fit very well with calculated IR bands for C-OEt stretching, NH 3 + umbrella, and free CQO stretching modes, respectively. In contrast, the very low abundance high-mobility species (1m 0 and 3m 0 ) result from O-protonation. Despite the limited spectral quality and possible overlap with 2m 0 , the overall IR spectrum of 1m 0 matches very well the calculated spectrum of O-protonated m-ABE. For protonated o-ABE, the IR spectrum shows that the proton is shared by the carbonyl oxygen and the amine (Fig. 3f) as also observed for o-ABA.
In summary, the data show that the low-mobility (larger CCS) species in protonated p-ABE or -ABA are N-protonated, whereas high-mobility species (smaller CCS) are O-protonated. Protonated m-isomers are dominantly N-protonated, however for m-ABE, small amounts of O-protonated species are observed. Protonated o-isomers have a proton shared by the carbonyl oxygen and the amine (N,O-protonated). The thermodynamic and kinetic influences that give rise to the large differences in protonation site of the p-, m-, and o-isomers will be discussed in the following sections.
Thermodynamic stability
To obtain further insights into the protonation of ABA and ABE, the Gibbs free energies for both N-and O-protonation at 298 K were calculated in vacuum (Fig. 4a and c) and in water solvent ( Fig. 4b and d) .
As shown in Fig. 4a and c, the O-protonated p-isomers are 37 kJ mol À1 (p-ABA) and 52 kJ mol À1 (p-ABE) more stable in the gas phase than the respective N-protonated species. For the m-isomers, however, the differences in stabilities between O-and N-protonated gas phase isomers are within 6-7 kJ mol À1 .
In the case of the o-isomers, an O-protonated isomer could be calculated. Protonation at the amine group, on the other hand, always yielded structures in which the proton is shared between the carbonyl oxygen and amine (N,O-protonated) which are significantly more stable than the exclusively O-protonated species.
To serve as reference points, DG 298,gas values for the protonation of benzoic acid, benzoic acid ethyl ester, and aniline are shown in Fig. 4a and c. Intrinsically, the amine group in aniline is more basic than the carbonyl oxygen in benzoic acid or its ester. However, when both groups are present simultaneously, inductive and resonance effects which significantly contribute to the stabilities can occur. When the carbonyl oxygen in p-ABA and p-ABE becomes protonated, the amine group can donate electron density causing charge delocalization and resonant stabilization as schematically shown in Fig. 5a . In contrast, a positive charge at the amine (N-protonation) is destabilized because the neutral carboxylic acid or ester group inductively withdraws electron density from the conjugated p-system and no resonance stabilization can take place. Compared to the gas phase basicity of aniline, benzoic acid and benzoic acid ethyl ester, these effects stabilize O-protonation by 50-53 kJ mol For the m-isomer, there is no resonance stabilization for O-protonation from the presence of the amine group, as both groups cannot be resonantly conjugated (see Fig. 5b ). Some stabilization of O-protonation and destabilization of N-protonation via the inductive effect occurs (20-25 kJ mol À1 and 6-14 kJ mol À1 , respectively) much smaller than the corresponding values for the p-isomer.
In the case of O-protonated o-isomers the resonance effect can act similar to the p-isomers (see Fig. 5c ). As can be seen in Fig. 4a and c, however, this effect is rather small and most likely compensated for by stereoelectronic effects. Hence, the preferred structure for this molecule has the proton shared between the amine and carbonyl groups.
The known experimental gas-phase basicities of aniline and benzoic acid are 851 and 790 kJ mol À1 , respectively. 39 For aniline, the calculation here is in good agreement (À3 kJ mol
À1
), however for benzoic acid, theory overestimates DG 298,gas by 17 kJ mol À1 (Fig. 4a) . The reason may be the inherent bias of density functional theory towards charge delocalization, 40, 41 which would favor O-protonated species. However, it also appears that for the B3LYP calculations presented here this bias is small and does not affect the interpretations. When the molecules are embedded in a dielectric medium such as water, the interaction of the medium with the charge becomes important. In Fig. 4b and d , free energies are shown for the molecules in an environment with a relative permittivity of 78.4 (water). In the case of N-protonation the charge is highly localized compared to a small delocalization for O-protonation. This leads to a stronger interaction with the environment for N-protonation and a lower energy in all cases.
In the experiment exclusively N-protonated molecules are observed in all cases for which gas-phase N-protonation is predicted by theory. When gas-phase O-protonation is calculated to be lowest in energy, however, the experimental results consistently point to the presence of both species. The explanation for this observation is simple. In aqueous solution, N-protonation is always preferred. When N-protonation is also preferred in the gas phase, nothing changes. However, when the O-protonated variant is more stable in the gas phase, the proton has to migrate from its initial position, the amine, to the carbonyl oxygen. However, depending on the relative rates of proton migration and desolvation in the experiment, metastable, kinetically trapped N-protonated species can remain. Such kinetic trapping and its solvent dependence are further investigated and discussed in the following sections.
Acetonitrile complexes and proton-bound dimers
The ratio between the O-and N-protonated species of p-isomers in the ATDs strongly depends on the initial solvent composition. N-Protonated p-ABA and p-ABE are pronounced when spraying from acetonitrile, whereas O-protonated p-ABA and p-ABE are abundant for water/methanol mixtures. A possible origin of this observation might lie in the interactions of the charged site with solvent molecules. Protonated ABA-acetonitrile (m/z 180) and ABE-acetonitrile (m/z 208) complexes are observed abundantly in the mass spectra taken when sprayed from acetonitrile. In contrast, water or methanol complexes of protonated ABA and ABE are largely absent (only observed at very low intensity when sprayed from water/methanol), which indicates that complexes with acetonitrile are considerably more stable than those with water or methanol (see Fig. S1 and S2 in ESI †).
The that acetonitrile inhibits proton relocation from N-to O-during desolvation, due to its strong interaction with the protonated amine. This interpretation is in agreement with previous studies in which kinetic trapping of the most stable solution protomer in the presence of acetonitrile has been suggested. 22, 23 This raises the question of how a proton can migrate from the amine to the carbonyl oxygen during the desolvation process. Proton relocation via intramolecular proton migration is unlikely because calculations predict high energy barriers for this process (4200 kJ mol À1 ), both in a dielectric medium (e r = 78.4) and in vacuum (see Fig. S6 in ESI †). Water molecules can in principle assist proton transfer by forming a water bridge between the two protonation sites, as suggested by Williams and co-workers. 25 However, for the case of p-aminobenzoic acid methyl ester, calculations indicate that the formation of such a water bridge is energetically not favored. 25 In addition, the presence of O-protonated p-ABA and p-ABE in aprotic acetonitrile cannot be explained by a solvent bridge model. Alternatively, the formation of transient proton-bound dimers during desolvation could account for proton relocation.
As the solvent evaporates a proton-bound dimer can dissociate leading to two monomers where the proton will remain on the site having the highest basicity. Fig. 7c shows theoretical IR spectra of several low-energy proton-bound dimers. Proton bound N,N-dimers, in which a proton is shared between two amines, are found in all cases to be high in energy. The calculations indicate that there are two possibilities for the dimer between N-protonated and neutral p-ABAs: (1) the proton is shared between an amine and a carbonyl oxygen (N1,N,O-dimer), or (2) the proton is remote on the amine and the two carboxylic acids form the dimer bond (N2). Interestingly, the sum of theoretical IR spectra of N1 and N2 reproduces the experimental spectrum best. fit the experimental spectrum well. However, the IR band at 1750 cm À1 indicates the presence of the stretching vibration of free CQO, which suggests the presence of N,O-dimers. As shown in Table 2 , N,O-dimers of p-ABA and p-ABE are energetically more favored in water than O,O-dimers, whereas O,O-dimers are the more stable in vacuum. Hence these N,O-dimers can survive most of the desolvation process during ESI † and then dissociate into a protonated monomer and a neutral molecule in vacuum, eventually leading to the observed O-protonated p-isomers.
Conclusions
Gas-phase IR spectroscopy was combined with ion mobility mass spectrometry to investigate the protonation sites for the protomers of p-, m-, and o-isomers of ABAs and ABEs. By identification of characteristic IR bands belonging to either protonated carbonyl or amine groups, the protonation site of each protomer was identified unambiguously. Each of the p-, m-, and o-isomers has a distinct protomeric population, with the p-isomers showing both N-and O-protonated species, the m-isomers being predominantly N-protonated, and the o-isomers forming a structure in which the proton is shared between the amine and the carbonyl oxygen. Calculations indicate that the observed populations correlate with the stability of each protomer in the gas phase and further indicate the significance of resonance stabilization on the preferred protonation site. However, the observed protomer populations are not solely determined by the gas-phase stability. Kinetic trapping of N-protonated ions, which are the more stable species in solution, has a significant effect on the observed protomer population in the gas phase. In addition, for the o-isomer, proton sharing between the amine and the carbonyl oxygen is dominant. Some of the species investigated here are known for their pharmacological activity in lipid bilayers. These bilayers exhibit a low relative permittivity (e r = 2-4), which closely resembles that of the gas phase (e r = 1). The observation of O-protonated species in the gas phase therefore implies that the protonation of ABA derivatives in biological membranes might be considerably different from that occurring in an aqueous medium. The fundamental findings of the present work, such as the protonation properties of the different isomeric structures as well as the proton relocation pathways, might therefore help to develop a better understanding of the biological activity of ABA derivatives and may be used for the design of novel drugs, which share the structural motifs of ABA. 
